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A B S T R A C T
LA-ICP-MS U-Pb dating of apatite, titanite and zircon from the metamorphic cover of the Western Tatra granite
was undertaken to constrain the timing of metamorphic events related to the final stages of Variscan orogenesis
and subsequent post-orogenic exhumation. Zircon was found only in one sample from the northern metamorphic
envelope. U-Pb ages from the outermost rims of zircons define a concordia age of 346 ± 6Ma, while the inner
rims yield a concordia age of 385 ± 8Ma. Apatite from three samples from the northern metamorphic envelope
yield U-Pb ages of 351.8 ± 4.4Ma, 346.7 ± 5.9Ma and 342.6 ± 7.1Ma. Titanite from an amphibolite from
the southern metamorphic envelope yields a U-Pb age of 345.3 ± 4.5Ma. The age of c. 345Ma is interpreted to
represent the climax of metamorphism and the onset of simultaneous exhumation of the entire Tatra Mountains
massif, and is recorded mainly in the northern part of the metamorphic cover.
In the southern metamorphic envelope, distinct populations of apatite can be recognized within individual
samples based on their rare earth element (REE) and actinide contents. One population of apatite (Ap1) yields a
relatively imprecise U-Pb age of 340 ± 31Ma. This population comprises apatite grains with very similar trace
element compositions to apatite in the northern amphibolite samples, which suggests they crystallized under
similar metamorphic conditions to their northern counterparts. A second apatite population (Ap2) yields an age
of c. 328 ± 22Ma, which is interpreted as neocrystalline apatite that formed during a late-Variscan (hydro-
thermal?) process involving (P, F, Ca, REE)-rich fluid migration. The youngest generation of apatite (Ap3) yields
a U-Pb age of 260 ± 8Ma and may have resulted from thermal resetting associated with the regional empla-
cement of Permian A-type granites. The proposed tectonic model assumes that rapid uplift (and cooling) of the
Tatra block initiated at ca. 345Ma, contemporaneous with anatexis. Subsequent fluid migration, possibly fa-
cilitated by extension related to the opening of Paleo-Tethys, affected only the southern part of the Tatra block.
1. Introduction
Understanding the timescales of cooling and exhumation of base-
ment terranes is one of the key problems in geology, and in particular
the exhumation rates of the deep crust are the subject of active debate
(e.g. Corsini et al., 2010 and references therein). Equally, recognizing
exhumed deep crust is important in geodynamics because it yields
constraints on the magnitudes and rates involved in the transfer of mass
and heat during orogeny (e.g. Teyssier, 2011 and references therein).
Accessory minerals such as zircon, titanite and apatite can preserve U-
Pb isotopic age information and are commonly used as probes for the
evolution of the Earth's crust in exhumation studies. Because of its low
diffusivity for Pb, the U-Pb zircon system is a robust and widely-used
geochronometer (Lee et al., 1997) which can be used to date high-
temperature metamorphic events (e.g. Roberts and Finger, 1997;
Rubatto, 2002, 2017), with a closure temperature of at least 900 °C (Lee
et al., 1997). Titanite typically exhibits relatively high U, Th and Pb
contents and is commonly used to date magmatic crystallization in ig-
neous rocks, while in metamorphic rocks the U-Pb titanite system can
be used to date moderate- to high- temperature thermal events (Möller
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et al., 2000; Buick et al., 2001; Schmitz and Bowring, 2001). The re-
ported closure temperature variations are from 450°–500 °C to>825 °C
(Kohn, 2017 and references therein). The closure temperature window
of the U-Pb system in apatite is lower (350–550 °C, Schoene and
Bowring, 2007) and hence apatite U-Pb ages yield cooling history in-
formation for crystalline terranes (Chew and Spikings, 2015; Chew
et al., 2011). Combining U-Pb age information from these three ac-
cessory phases thus yields valuable constraints on the medium- to high-
temperature cooling (and hence exhumation) histories of crystalline
massifs.
This study employs zircon, titanite and apatite laser ablation-
inductively coupled plasma-mass spectrometry (LA-ICP-MS) U-Pb
dating to constrain the timing of metamorphic events related to the
final stages of orogenesis and subsequent post-orogenic uplift, using the
Variscan Tatra massif in the Carpathians as a case study.
2. Geological setting and sampling
The Tatra Mountains block is one of several Variscan crystalline
basement massifs within the Alpine belt of the Carpathians (Fig. 1a,b).
The crystalline core of the Tatra Mountains comprises Variscan grani-
toid intrusions and its metamorphic envelope (Fig. 1c; Kohut and
Fig. 1. (A) Simplified geological map of the Carpathian Chain showing the location of the Central Western Carpathians. (B) Map showing the location of the Variscan crystalline basement
cores in the Central Western Carpathians including the Tatra Mountains. (C) Schematic geological map of the Tatra Mountains with the location of samples used for U-Pb dating. Data
sources are Kohut and Janak, 1994; Petrik et al., 1994; Gawęda et al., 2016a and Piotrowska et al., 2014). Fault key: I – Sub-Tatric Fault, II – Ružbachy Fault, III – Choč Fault, IV –
Krowiarki Fault.
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Janak, 1994), and is partly covered by Mesozoic sediments which are
incorporated within nappes associated with the Alpine orogenesis.
Polygenetic granitoid plutonism was formed by repeated magma
injections from c. 370 to c. 340Ma based on LA-ICP-MS U-Pb zircon
dating (Gawęda et al., 2016a and references therein), with relatively
rapid cooling at c. 340Ma constrained by LA-ICP-MS U-Pb apatite
dating (Gawęda et al., 2014). The metamorphic envelope to the poly-
genetic granitoid intrusions is exposed in the western part of the massif
on both sides of the granitoid pluton, and underwent two stages of
migmatization at c. 365Ma and at c. 359Ma (Burda and Gawęda, 2009;
Fig. 1b). The metamorphic complex is composed of metapelitic-me-
tapsammitic rocks (paragneisses and mica schists), intercalated with
amphibolites, with three groups of amphibolites (Gawęda et al., 2000).
Two amphibolite units have been dated by U-Pb zircon geochronology
and likely represent two distinct oceanic domains that formed at c. 560
and c. 500Ma (Gawęda et al., 2016b; Gawęda et al., 2017). A third
amphibolite unit is garnet-bearing (Gawęda et al., 2000) and likely
represents retrograde eclogites (Burda et al., 2015). Based on its trace
element geochemistry and Sr-Nd isotope compositions, the protolith of
the c. 560Ma amphibolites was interpreted as MORB-type basalt
(Gawęda et al., 2017), while the c. 500Ma amphibolites likely re-
present tholeiitic basalts that intruded a basin floored by attenuated
continental crust, as they exhibit varying degrees of lower crustal
contamination (Gawęda et al., 2000; Gawęda et al., 2016b).
The emplacement of the Variscan plutons was associated with top-
to-the-SE shear which mirrors the deformation history of the meta-
morphic envelope, suggesting these tabular plutons were emplaced syn-
tectonically (Kohut and Janak, 1994; Gawęda and Szopa, 2011). Crys-
talline nappes within the metamorphic envelope are comprised of dif-
ferent lithologies and metamorphic grade (e.g. Gawęda et al., 2000;
Gawęda and Burda, 2004; Burda and Gawęda, 2009). The nappes are
bounded by local ductile and brittle-ductile shear zones, dated by the K-
Ar method on syn-tectonic muscovite crystals at c. 343–298Ma
(Deditius, 2004). The formation of these nappe piles is linked to the
closure of the Rheic Ocean and associated accretionary prism formation
and is modified by subsequent post-orogenic uplift and associated
granitoid magmatism (Gawęda et al., 2014; Moussallam et al., 2012).
The present-day disposition of units within the Tatra Mountains
block is strongly influenced by Alpine orogenesis associated with the
formation of the Western Carpathians Fold Belt. The Tatra Mountains
block is bounded by faults (Fig. 1c), with the southern border of the
block defined by the Sub-Tatric Fault (Fig. 1c). This fault allowed both
exhumation of the Tatra block between 22 and 14Ma (Śmigielski et al.,
2016), and rotation of the entire Tatra block to the north by c. 30°
(Grabowski and Gawęda, 1999). Regional seismic surveys show that the
Tatra Block continues below the surface as far as the Pieniny Klippen
Belt (Fig. 1b) under the Paleogene rocks of the Central Carpathian
(Golonka et al., 2016).
For this study, two migmatized and two massive amphibolites were
sampled. One sample of biotite paragneiss close to the contact with the
common Tatra granite (sensu Kohut and Janak, 1994) was also col-
lected. Two amphibolite samples (SM and OR) and one paragneiss
(RW), weighting c. 10 kg each, were taken from the northern part of the
Western Tatra Mountains metamorphic complex, while the two other
amphibolite samples (AMB-1 and AMB-2) come from the southern part
of the metamorphic envelope (Fig. 1c).
3. Analytical techniques
Fig. 1
3.1. Microscopy
Petrographic analyses of thin sections were undertaken at the
Faculty of Earth Sciences in the University of Silesia, Poland using an
Olympus BX-51 microscope to constrain textural and microstructural
relationships and to determine the modal abundance and crystallization
history of accessory apatite, titanite and zircon. These petrographical
observations were used to select representative samples for subsequent
electron probe micro-analysis, whole-rock geochemical analyses and U-
Pb dating of zircon, apatite and titanite.
3.2. Electron probe micro-analyses (EPMA)
Microprobe analyses of the main rock-forming and accessory mi-
nerals were carried out at the Inter-Institutional Laboratory of
Microanalyses of Minerals and Synthetic Substances, Warsaw, using a
CAMECA SX-100 electron microprobe. The analytical conditions con-
sisted of an accelerating voltage of 15 kV (or 50 kV for REE-bearing
epidote), a beam current of 20 nA, counting times of 4 s per peak and
background and a beam diameter of 1–5 μm. Reference materials,
analytical lines, diffracting crystals, mean detection limits (in wt%) and
uncertainties were as follows: rutile – Ti (Kα, PET, 0.03, 0.05), diopside
– Mg (Kα, TAP, 0.02, 0.11), Si – (Kα, TAP, 0.02, 0.21), Ca – (Kα, PET,
0.03, 0.16), orthoclase – Al (Kα, TAP, 0.02, 0.08), and K (Kα, PET, 0.03,
0.02), albite – Na (Kα, TAP, 0.01, 0.08), hematite – Fe (Kα, LIF, 0.09,
0.47), rodonite – Mn (Kα, LIF, 0.03, 0.10), phlogophite – F (Kα, TAP,
0.04, 0.32), tugtupite – Cl (Kα, PET, 0.02, 0.04), Cr2O3 – Cr (Kα, PET,
0.04, 0.01), ZirconED2 – Zr (Lα, PET, 0.01, 0.01), Nb2O3-MAC – Nb
(Lα, PET, 0.09, 0.01), V2O5 – V (Kα, LIF, 0.02, 0.01), YPO4 – Y (Lα,
TAP, 0.05, 0.05), La glass – La (Lα, LPET, 0.05, 0.03), CeP5O14 – Ce (Lα,
LPET, 0.09, 0.02), Pr-glass – Pr (Lβ, LIF, 0.04, 0.01), NdGaO3 – Nd (Lβ,
LIF, 0.31, 0.24), GdPO4 – Gd (Lα, LIF, 0.34, 0.10), ThO2 – Th (Mα,
LPET, 0.09, 0.09), UO2 – U (Mα, LPET, 0.16, 0.13).
3.3. Whole-rock analyses
Whole-rock analyses were undertaken by X-Ray fluorescence (XRF)
for major and large ion lithophile trace Elements (LILE) and by fusion
and ICP-MS for high field strength elements (HFSE) and rare earth
elements (REE) in the ACME Analytical Laboratories (Canada).
Preparation involved lithium borate fusion and dilute digestions for
XRF and lithium borate decomposition or aqua regia digestion for ICP-
MS. LOI was determined at 1000 °C. Uncertainties for most of major
elements are 0.01%, except for SiO2 which is 0.1% (Supplementary
Table 1).
3.4. Mineral separation
Apatite, titanite and zircon crystals were separated using standard
techniques (crushing, hydro-fracturing, washing, Wilfley shaking table,
Frantz magnetic separator and hand picking). Mineral separation was
carried out at the Institute of Geological Sciences at the Polish Academy
of Sciences, Kraków, Poland. The crystals were then cast in 25mm
diameter epoxy resin mounts, ground and polished to half-thickness to
expose the grain interiors. Internal mineral textures were then char-
acterised by back-scattered electron (BSE) and cathodoluminescence
(CL) imaging, using a FET Philips 30 scanning electron microscope with
a 15 kV accelerating voltage and a beam current of 1 nA at the Faculty
of Earth Sciences, University of Silesia, Sosnowiec, Poland.
3.5. Zircon U-Pb LA-MC-ICP-MS dating
The LA-MC-ICP-MS analytical work on zircon was performed at the
joint ICP-MS laboratory of the Department of Earth Sciences, Karl-
Franzens-University Graz and the Institute of Applied Geosciences, Graz
Technical University, Austria.
Analytical procedures were identical to the methodology outlined in
Klötzli et al. (2009). Zircon 206Pb/238U and 207Pb/206Pb ratios were
determined using a 193 nm Ar-F excimer laser (ESI) coupled to a multi-
collector ICP-MS (Nu Instruments Plasma II). Ablation was made using
He as carrier gas. The He carrier gas was mixed with the Ar carrier gas
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flow prior to the ICP plasma torch. Depending on the CL zonation
pattern of the zircons, either lines or spots were ablated. Line widths for
rastering were 10 μm with a rastering speed of 5 μm/s. Energy densities
were 5 J/cm2 with a repetition rate of 10 Hz. Ablation duration was 30
to 70 s with a 30 s gas and Hg blank measurement preceding ablation.
Ablation count rates were corrected accordingly offline. Remaining
counts on mass 204 were interpreted as representing 204Pb. Static mass
spectrometer analysis was as follows: 238U and 232Th were measured on
Faraday detectors, 208Pb, 207Pb, 206Pb, 204(Pb+Hg), and 202Hg in ion
counter detectors, respectively. An integration time of 1 s was used for
all measurements. The ion counter – Faraday and inter-ion counter gain
factors were determined before the analytical session using the re-
ference zircon Plešovice (Sláma et al., 2008). The sensitivity for 206Pb
on reference zircon Plešovice was c. 30,000 cps/ppm Pb while for 238U
the corresponding value was c. 35,000 cps/ppmU.
U/Pb ratios were corrected for downhole-fractionation using the
“intercept method” of Sylvester and Ghaderi (1997). The calculated
206Pb/238U and 207Pb/206Pb intercept values, respectively, were then
corrected for mass discrimination from analyses of reference zircon
Plešovice measured during the analytical session using a standard
bracketing method (Klötzli et al., 2009). The correction utilizes re-
gression of standard measurements by a quadratic function. A 204Pb-
based common Pb correction was applied to the data based on the
amount of 204Pb using the apparent 207Pb/206Pb age and the Stacey and
Kramers Pb evolution model (Stacey and Kramers, 1975). Final age
calculations were performed with Isoplot 3.0 (Ludwig, 2003). The
zircon U-Pb data are reported in Table 3 and all uncertainties are at the
2-sigma level. Reference zircon Plešovice (Sláma et al., 2008) was also
used as secondary reference material in order to test the overall re-
producibility of the analytical method to constrain the external re-
producibility (accuracy+ precision+uncertainty). 15 measurements
made during the analytical session resulted in a concordia age of
338.8 ± 2.6Ma. This is within the assigned uncertainties of the ac-
cepted reference 206Pb/238U thermal ionization mass spectrometry
(TIMS) date of 337.13 ± 0.37Ma (Sláma et al., 2008).
3.6. Zircon rare earth element (REE) analyses
All zircon REE data were acquired using a Photon Machines Analyte
Exite 193 nm ArF Excimer laser-ablation system with a Helex 2-volume
ablation cell coupled to a Thermo Scientific iCAP Qc at Trinity College
Dublin (TCD). 0.65 l/min He carrier gas was split evenly between the
large outer sample chamber and the small inner volume (the “cup”)
where ablation occurs. A small volume of N2 (ca. 6 ml/min) to enhance
signal sensitivity and reduce oxide formation and 0.7 l/min Ar nebu-
lizer gas were then introduced to the sample-gas mixture via an in-
house smoothing device. The twenty-one isotopes (with the respective
dwell times in milliseconds in parentheses) acquired were: 89Y (5), 91Zr
(5), 139La (50), 140Ce (10), 141Pr (30), 146Nd (10), 147Sm (6), 153Eu (20),
157Gd (5), 159Tb (15), 163Dy (5), 165Ho (12.5), 166Er (5), 169Tm (10),
172Yb (3.5), 175Lu (7.5), 204Pb (10), 206Pb (40), 207Pb (60), 232Th (10),
238U (30), with a total duty cycle of 378ms. A 30 μm laser spot, a 5 Hz
laser repetition rate and a fluence of 3.9 J/cm2 were used, with a 45 s
ablation period and a 25 s washout, the last 10 s of which were used for
the baseline determination. The raw isotope data were reduced using
the “Trace Elements” data reduction scheme of the freeware IOLITE
package of Paton et al. (2011). NIST612 reference glass was used as the
primary standard, with 91Zr used as an internal standard. Sample-
standard bracketing was then applied to account for long-term (session-
wide) drift in isotopic or elemental ratios. 91,500 zircon (Wiedenbeck
et al., 1995) and AusZ2 zircon (Kennedy et al., 2014) were used as
secondary reference material controls for the zircon REE data. All
zircon trace element data are listed in Supplementary Table 2.
3.7. LA-ICP-MS U-Pb dating and trace-element analyses of apatite and
titanite
Apatite and titanite REE and U-Pb data were acquired using the
Trinity College Dublin LA-ICP MS instrumentation described above. For
apatite, twenty-eight isotopes (31P, 35Cl, 43Ca, 55Mn, 86Sr, 89Y, 139La,
140Ce, 141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er,
169Tm, 172Yb, 175Lu, 200Hg, 204Pb, 206Pb, 207Pb, 208Pb, 232Th, 238U and
mass 248(232Th16O) were acquired using a 50 μm laser spot, a 4 Hz
laser repetition rate and a fluence of 3.31 J/cm2. A c. 1 cm sized crystal
of Madagascar apatite which has yielded a weighted average ID-TIMS
concordia age of 473.5 ± 0.7Ma (Cochrane et al., 2014) was used as
the primary apatite reference material in this study. McClure Mountain
syenite apatite (the rock from which the 40Ar/39Ar hornblende standard
MMhb is derived) was used as a secondary standard. McClure Mountain
syenite has moderate but reasonably consistent U and Th contents
(~23 ppm and 71 ppm, Chew and Donelick, 2012) and its thermal
history, crystallization age (weighted mean 207Pb/235U age of
523.51 ± 2.09Ma) and initial Pb isotopic composition
(206Pb/204Pb=17.54 ± 0.24; 207Pb/204Pb=15.47 ± 0.04) are
known from high-precision TIMS analyses (Schoene and Bowring,
2006). NIST 612 standard glass was used as the apatite trace-element
concentration reference material, and a crushed aliquot of Durango
apatite that has been characterised by solution quadrupole-ICP-MS
analyses (Chew et al., 2016) was used as the apatite trace-element
secondary standard. For titanite, thirteen isotopes (43Ca, 48Ti, 89Y, 90Zr,
140Ce, 172Yb, 200Hg, 204Pb, 206Pb, 207Pb, 208Pb, 232Th, 238U) were ac-
quired using a 47 μm laser spot, a 5 Hz laser repetition rate and a flu-
ence of 3.31 J/cm2. The primary titanite standard used in this study is
OLT1 titanite which has yielded a TIMS concordia age of 1014.8 ± 2.0
(Kennedy et al., 2010). BLR titanite Aleinikoff et al. (2002), which has
yielded an ID-TIMS age of 1048.0 ± 0.7Ma was used as the titanite
secondary LA-ICP-MS age reference material.
The raw isotope data were reduced using a modified version of the
“Vizual Age” data reduction scheme (Petrus and Kamber, 2012) of the
freeware IOLITE package of Paton et al. (2011). This data reduction
scheme (“VizualAge_UcomPbine”) can account for variable common Pb
in the apatite and titanite materials (Chew et al., 2014). User-defined
time intervals are established for the baseline correction procedure to
calculate session-wide baseline-corrected values for each isotope. The
time-resolved fractionation response of individual standard analyses is
then characterised using a user-specified down-hole correction model
(such as an exponential curve, a linear fit or a smoothed cubic spline).
The data reduction scheme then fits this appropriate session-wide
“model” U-Th-Pb fractionation curve to the time-resolved standard data
and the unknowns. Sample-standard bracketing is applied after the
correction of down-hole fractionation to account for long-term drift in
isotopic or elemental ratios by normalizing all ratios to those of the U-
Pb reference standards. Common Pb in the apatite and titanite stan-
dards and unknowns was corrected using a 207Pb-based correction in
VizualAge_UcomPbine and includes the propagation of the un-
certainties in the age of the standard materials. Over the course of two
months of analyses, McClure Mountain apatite (207Pb/235U TIMS age of
523.51 ± 2.09Ma; Schoene and Bowring, 2006) yielded a U-Pb Tera-
Wasserburg concordia lower intercept age of 524.5 ± 3.7Ma with an
MSWD=0.72. The lower intercept was anchored using a 207Pb/206Pb
value of 0.88198 derived from an apatite ID-TIMS total U-Pb isochron
(Schoene and Bowring, 2006). BLR titanite yielded a weighted average
207Pb-corrected age of 1048 ± 11 (MSWD=8.5). All apatite REE
contents were normalized to C1 chondrite (Sun and McDonough, 1995).
The apatite and titanite trace element data are listed in Supplementary
Tables 3 and 4 respectively, while the apatite and titanite U-Pb data are
provided in Tables 1 and 2.
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4. Results
Fig. 2
4.1. Petrography and geochemistry
All four amphibolite samples exhibit a strong tectonic foliation and
lineation, as peak metamorphism was contemporaneous with shearing
and syn-tectonic granitoid emplacement.
Migmatized amphibolite from Smreczyński Wierch (SM). Sample
SM is characterised by intercalations of dark, amphibole-rich layers and
leucocratic plagioclase-quartz leucosomes which together define the
main foliation. The main rock-forming minerals are ferro-hornblende to
ferroan tchermakitic hornblende (Supplementary Table 5, weakly
zoned oligoclase-andesine plagioclase (An38–35 in the cores to An26–13 at
rims), quartz, ilmenite (Ti0.99V0.01Fe0.96–0.95Mn0.04–0.05O3;
Supplementary Table 6) and fluorapatite (Supplementary Table 7).
Zircon was present as an accessory phase.
The chemical composition of this amphibolite corresponds to the
suite 1 amphibolites defined by Gawęda et al. (2000), with Zr/Y~ 4,
ΣREE=102.87, flat chondrite (C1)-normalized REE patterns with CeN/
YbN=2.17 and Eu/Eu*= 0.8 (Supplementary Table 1). The protolith
of these amphibolites are interpreted as mantle plume-related tho-
leiites.
Massive amphibolite from the Ornak Zone (OR). Sample OR is
characterised by a pronounced metamorphic lineation and foliation.
The main rock-forming minerals are Mg-hornblende (Supplementary
Table 5), zoned andesine plagioclase (An49–39), quartz, ilmenite
(Ti0.99V0.01Fe0.98Mn0.02O3; Supplementary Table 6) and fluorapatite
(Supplementary Table 7). Rare zircon crystals yield U-Pb core ages of
564 ± 8Ma, while two generations of zircon growth on the rims have
been dated at 387 ± 8Ma (inner rim) and 342 ± 9Ma (outer rim)
(Gawęda et al., 2016b; Gawęda et al., 2017). Whole rock geochemistry
data suggest the magmatic precursors are MORB-like basalts (Gawęda
et al., 2017), with low Zr contents, low ΣREE (~80 ppm), flat chondrite
(C1)-normalized REE patterns with CeN/YbN=2.14 and Eu/
Eu*= 0.91 (Supplementary Table 1).
The biotite paragneiss sample (sample RW) is composed of oligo-
clase plagioclase, biotite (#mg=0.40–0.38; Ti= 0.30–0.31 a.p.f.u.;
Supplementary Table 8), quartz and K-feldspar. Muscovite associated
with late shearing has been dated by the K-Ar method at 317–298Ma
(Deditius, 2004). Secondary chlorite replacing biotite is abundant.
Apatite and zircon are present as accessory phases. Zircon crystals were
either metamict or too small for analysis (many zircon grains are at the
micron-scale), and hence apatite was the only accessory phase on which
U-Pb dating was undertaken. The whole rock geochemistry of this
paragneiss resembles that of pelites from the Upper Structural Unit
(Gawęda and Burda, 2004). The chondrite-normalized REE pattern of
the paragneiss is characterised by weak LREE enrichment (Ce/
Yb=5.65), and a slightly positive Eu anomaly (Eu/Eu*= 1.88; Sup-
plementary Table 1).
Striped and massive coarse grained amphibolites from the southern
metamorphic envelope (samples AMB-1 and AMB-2) are composed
mainly of Mg-hornblende, overgrown by actinolite, unzoned plagio-
clase (An34–25) rimmed by albite, quartz and apatite. Sample AMB-1
also contains ilmenite and significant secondary epidote
(Supplementary Table 9), while sample AMB-2 contains titanite un-
derlining the metamorphic foliation (Figs. 2a,c,d), zoizite and sec-
ondary REE-bearing epidote (Supplementary Table 9; Fig. 2b). The
rutile inclusions present in some of the titanite crystals show chemical
heterogeneity (Fig. 2d) as shown by the heterogeneous Nb, Cr and V
concentrations (Supplementary Table 6). The titanite exhibits minor
chemical zonation in terms of V and Fe (Fig. 2d; Supplementary
Table 10), which may also have been inherited from the rutile pre-
cursor. These amphibolites show low ΣREE contents, low to medium Zr
contents, slight LREE enrichment (CeN/YbN= 2.73 and 4.26) andT
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negligible Eu anomalies (Eu/Eu*= 0.89 and 0.98; Supplementary
Table 1).
4.2. P-T conditions of metamorphism
The migmatitic amphibolites (SM sample) underwent anatexis with
associated leucosome development. The cores of amphiboles in the
trondhjemitic leucosomes yield pressures of 440–520MPa based on
estimates using the Schmidt (1992) barometer while a temperature of
715–768 °C was calculated using the Blundy and Holland (1990) am-
phibole-plagioclase geothermometer. Using these same geotherm-
ometer and geobarometers, the OR massive amphibolite, which exhibits
evidence of marked partial melting, yields a higher peak pressure of
740MPa, yet similar temperatures of 740–750 °C. The Ti-in-biotite
geothermometer (after Henry et al., 2005) applied to the RW biotite
paragneiss sample yielded temperatures of 645–650 °C (Supplementary
Table 8), interpreted as a temperature estimate on the retrograde
cooling path. These data are in agreement with earlier temperature
estimates of 650–780 °C and pressure estimates of 750–900MPa
(Gawęda and Burda, 2004) for the metapelitic country rock hosting the
amphibolite horizons, and with clockwise P-T paths for the southern
part of the Western Tatra metamorphic complex (Moussallam et al.,
2012 and references therein). The thermal metamorphic peak is likely
associated with the prolonged emplacement of the polygenetic Tatra
granitoid intrusion, which kept peak temperatures in the 750–800 °C
range (Gawęda et al., 2016a). Subsequent cooling following granitoid
magma emplacement is likely linked to heterogeneous extrusion of the
metamorphic crystalline basement (Fig. 3; Janák et al., 1996). A sig-
nificant pressure drop has been documented in post-magmatic/sub-
solidus mineral assemblages in the Western Tatra Mountains granite
(pressure of c. 350–300MPa at 660–470 °C; Gawęda and Włodyka,
2013; Fig. 3).
4.3. Apatite trace element systematics and U-Pb chronology
Apatite crystals from the amphibolites and the one paragneiss
sample are classified as fluorapatite, with 2.72–3.63 wt% F (0.72–0.97 F
atoms in the monovalent anion Z-site, which is occupied by OH– or the
halogens F−, Cl−; Supplementary Table 7).
Fluorapatites from the northern portion of the metamorphic en-
velope (samples SM, OR and RW) yield Sr contents from 117 to
398 ppm (mean: 224 ppm), Y contents from 80 to 423 ppm (mean:
186 ppm) and Mn contents from 297 to 1521 ppm. U/Th ratios show a
very large range from 1.19 to 152 (Supplementary Table 3).
Fluorapatite crystals from the southern part of the metamorphic
envelope (AMB-1 and AMB-2) yield Sr contents from 134 to 311 ppm
(mean: 218 ppm) and Mn contents from 267 to 665 ppm (mean:
387 ppm; Supplementary Table 3) that are indicative of a metamorphic
origin (cf. EL Korh et al., 2009). U/Th ratios range from 2.58 to 32.13
(Supplementary Table 3). However, in sample AMB-1, the Y contents
range from 1198 to 6443 ppm (mean: 4027 ppm) while in sample AMB-
2 much lower Y concentrations are observed (40 to 303 ppm; mean:
140 ppm). No optical and trace-element zonation was noted in any of
the analysed apatites.
Apatite chondrite (C1)-normalized REE patterns differ between the
northern and southern portions of the metamorphic cover. The three
samples from the northern part of the metamorphic complex (samples
SM, Or and RW) are dominated by weak REE fractionation (CeN/
YbN=0.8–10.9), negative Eu anomalies (Eu/Eu*=0.43–0.82) and
positive Ce anomalies (Ce/Ce*=3.2–10.9; Supplementary Table 3,
Fig. 4a, b, c). Apatite from sample AMB-1 from the southern portion of
the metamorphic envelope exhibits enrichment in HREE (CeN/
YbN=0.06–0.17), with pronounced negative Eu anomalies (Eu/
Eu*= 0.29–0.37) and no Ce anomaly (Supplementary Table 3; Fig. 5a).
Apatite crystals from sample AMB-2 are split into 3 sub-populations
based on their trace-element compositions (Supplementary Table 3): aTa
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subpopulation (Ap1) with very low Y contents, weak LREE enrichment
and flat chondrite-normalized REE profiles (CeN/YbN=5.09–7.21; Eu/
Eu*= 0.83–1.21), a second subpopulation (Ap2) with total REE con-
tents in the range of 701–883 ppm, very flat chondrite-normalized REE
profiles (CeN/YbN=2.91–3.77) and negative Eu anomalies (Eu/
Eu*= 0.66–0.78), and a third subpopulation (Ap3), which has very
similar trace element characteristics to Ap2 with much lower LREE, Th
and Mn contents and higher Sr-contents (Sm/La =1.54–7.08; Eu/
Eu*= 0.60–0. 77; Ce/Ce*= 1.16–1.35; Supplementary Table 3;
Fig. 5b). The petrogenesis of these different apatite sub-populations in
sample AMB-2 is discussed is Section 5.2.
LA-ICP-MS U-Pb apatite ages, calculated from unanchored Tera-
Wasserburg lower intercepts, were determined for all three samples
from the northern metamorphic cover. Each concordia clearly yields
just one age population based on the well-constrained discordia inter-
cepts (Fig. 6a–c), but the slightly elevated MSWDs (2.8–5.1) for the
three samples indicate minor excess data scatter. The SM amphibolite
sample, which also yielded U-Pb zircon data, yields an age of
351.8 ± 4.4Ma (Table 1; Fig. 6a). Apatite from the OR amphibolite
sample, which also yielded zircon, yields a U-Pb age of 346.7 ± 5.9Ma
(Table 1; Fig. 6b), while the RW biotite-bearing paragneiss sample from
close to the contact with the main Tatra granite yields a U-Pb age of
342.6 ± 7.1Ma (Table 1; Fig. 6c). The oldest apatites from the AMB-2
amphibolite sample (composed of all grains from trace element popu-
lation Ap1) yield an unanchored Tera-Wasserburg lower intercept age
of 340 ± 31Ma (Fig. 7a). A small apatite subpopulation (comprised
only of grains from trace element population Ap2) yields a mean 207Pb
corrected U-Pb age of 328 ± 22Ma (Fig. 7b), while the youngest
apatites from the same sample yield an unanchored Tera-Wasserburg
lower intercept age of 259.9 ± 8.3Ma (Table 1; Fig. 7c). The neigh-
bouring AMB-1 amphibolite sample yields a spread in apatite U-Pb
(207Pb corrected) ages from 302Ma to 135Ma (Fig. 7d; Table 1).
4.4. Titanite trace element systematics and U-Pb geochronology
Abundant titanite was found in one amphibolite sample from the
southern metamorphic envelope (sample AMB-2; Fig. 1c). The titanite
forms idiomorphic to sub-idiomorphic crystals from 50 to 150 μm in
length, and are elongated within the main lineation and foliation (L-S
fabric) of the amphibolite. This evidence for syn-tectonic growth
(Fig. 2a) combined with the low Al and F contents (Supplementary
Table 8) excludes a hydrothermal origin for the titanite in the studied
sample (Harlov et al., 2006; Lucassen et al., 2010). It is associated with
the main HT-LP metamorphic stage in the Tatra basement (Moussallam
et al., 2012) and was contemporaneous with shear-related deformation.
Fig. 2. A. Photomicrograph showing titanite crystals
aligned along the foliation in AMB-2. B. BSE image of an
apatite (Ap) coexisting with RE-bearing epidote (RE-ep)
overgrown by late epidote (Ep) from sample AMB-1; C. BSE
image of titanite (Ttn) and apatite (Ap1) from the AMB-2
amphibolite; D. BSE image of a zoned titanite (Ttn) crystal
with a heterogeneous rutile (Rt) inclusion (zoned in Nb, Cr
and V).
Fig. 3. P-T path illustrating the metamorphic evolution of the Western Tatra meta-
morphic complex. For comparison the P-T paths of Janák et al., 1996 and Moussallam
et al., 2012 are also presented. Dashed lines represent the stability fields of kyanite (Ky),
sillimanite (Sil) and andalusite (And) along with the common muscovite and biotite de-
hydration melting reactions. A white rectangle marks the P-T data from this study, a grey
rectangle marks the Tatra Granite emplacement P-T conditions from Gawęda et al.,
2016a; G & B 2004 – P-T data from Gawęda and Burda, 2004, G & W 2013 – PT data from
Gawęda and Włodyka, 2013.
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The total REE content in the titanite crystals ranges from 148 to
2902 ppm, and the chondrite (C1)-normalized REE patterns range from
almost flat to LREE-depleted, with CeN/YbN ratios ranging from 0.02 to
3.86 and correlating positively with the total REE content (r2= 0.84;
Fig. 8a). Eu anomalies range from flat to slightly positive (Eu/
Eu*= 0.94–2.34; mean: 1.1; Supplementary Table 4). Titanite from the
amphibolite sample AMB-2, which is devoid of any inclusions of rutile
or zircon yields an unanchored LA-ICP-MS U-Pb lower intercept Tera-
Wasserburg age of 345.3 ± 4.5Ma (Fig. 6d, Table 2).
4.5. Zircon trace element systematics and U-Pb geochronology
Zircon crystals were separated from one amphibolite sample from
the northern portion of the metamorphic envelope (sample SM). They
are typically 200–300 μm in length, euhedral, differing in aspect ratios
of 2:1 to 4:1. The zircons vary from very clear to greenish yellow to
reddish brown. The crystals are characterised by a large, extensively
metamictized cores with a low CL response, and are surrounded by
oscillatory-zoned rims with moderate to weak luminescence (Fig. 9).
Seven LA-MC-ICP-MS U-Pb measurements were made on seven zircon
crystals. Zircon U-Pb data plot in two groups (Table 3). The first group
forming the inner rims (group A), exhibits oscillatory zoning and de-
fines a concordia age of 385 ± 8Ma (2 sigma; Fig. 10a; Table 3). The
second group (group B) comprises the oscillatory-zoned outer rims, and
defines a concordia age of 346 ± 6Ma (2 sigma; Fig. 10b; Table 3).
All analysed zircon crystals (n=47) show HREE-enriched chon-
drite-normalized patterns (YbN/SmN=45–140) with typical positive
Ce and strongly negative Eu anomalies (Ce/Ce*= 1.8–295.4; Eu/
Eu*= 0.03–0.51; Fig. 4a; Supplementary Table 2). Total REE contents
range from 327 to 4318 ppm and Y contents range from 451 to 100 ppm
(Supplementary Table 2).
Fig. 4. Chondrite (C1)-normalized (Sun and McDonough, 1995) REE concentrations in
accessory minerals and host rocks (amphibolite and gneiss samples) from the northern
part of the metamorphic envelope to the Tatra Granite. a. SM amphibolite, b. OR am-
phibolite; c. RW gneiss.
Fig. 5. Chondrite (C1)-normalized (Sun and McDonough, 1995) REE patterns in acces-
sory minerals and host rocks (amphibolite samples) from the southern part of the me-
tamorphic envelope to the Tatra Granite.
a. AMB-1 amphibolite; b. AMB-2 amphibolite.
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Fig. 6. Tera-Wasserburg concordia diagrams for apatite from the SM, OR, RW samples
(northern metamorphic envelope) and Tera-Wasserburg concordia diagram anchored
through common Pb for titanite from the AMB-2 sample (southern metamorphic en-
velope, Western Tatra Mountains).
Fig. 7. Tera-Wasserburg concordia diagrams and weighted average 207Pb-corrected U-Pb
ages for apatite subpopulations from the AMB-1 and AMB-2 samples.
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5. Discussion
The REE patterns in metamorphic rocks are a function of the pro-
tolith composition, P-T conditions of metamorphism, composition and
activity of metasomatic fluids. The zircon rims overgrowing the meta-
mict zircon cores are interpreted to have grown during partial melting
events, a feature characteristic of migmatized metamorphic terranes
(Rubatto, 2017 and references therein). The growth of the new zircon
rims from the anatectic melt took place during cooling when Zr solu-
bility decreased in the melt and the solidus was reached (Kohn et al.,
2015; Rubatto, 2017 and references therein). The REE composition of
zircon yields further information on zircon crystallization, particularly
regarding the growth of coexisting phases. The REE profiles of the two
rim domains do not differ significantly from each other (Fig. 4a), and as
the zircon rims crystallized from anatectic melt, the zircon REE com-
positions are interpreted as being primary magmatic in origin. The
strong predominance of HREE over LREE in zircon results from the
decreasing ionic radii of REE, making HREE substitution easier in the
zircon lattice (Hinton and Upton, 1991; Rubatto, 2002 and references
therein). Positive Ce anomalies are typical of all analysed zircon crys-
tals (Supplementary Table 2; Fig. 4a), and result from the incorporation
of oxidised Ce4+ into the zircon lattice which it preferentially favours
over the other LREE, and implies oxidizing conditions during magmatic
zircon crystallization. The negative Eu anomalies imply the simulta-
neous growth of feldspar, incorporating Eu2+, a typical product of the
partial melting process.
The other analysed accessory minerals in these rocks (apatite and
titanite) either do not behave as passive capsules during metamorphism
with regards to the REEs, or re/neocrystallised, and thereby likely re-
cord metamorphic processes.
5.1. Metamorphic titanite formation and rare element substitution in titanite
In the studied sample (AMB-2) titanite is a metamorphic mineral
which crystallized at the expense of rutile (Fig. 2d). The suggested
metamorphic reaction: 2 zoisite+ rutile+ quartz= 3 anortite+ tita-
nite+H2O (Fig. 2b,d; Kapp et al., 2009) is compatible with the phase
relationships determined from petrography and supports the previously
suggested P-T path of metamorphism for that part of the Tatra Moun-
tains during decompression and heating from the granite intrusion
(Pyka et al., 2014). As an Eu-anomaly is almost absent in the analysed
titanites, it is considered unlikely that Eu was fractionated by reduction
to Eu2+ during this reaction.
The variability of REE fractionation in titanite results from variation
in LREE content, as the HREE-contents do not vary between samples
(Fig. 5b; Supplementary Table 4). This variability could be interpreted
as an effect of changes in LREE content of the metamorphic fluid, low
LREE contents in the minerals (e.g. rutile) that titanite crystallized
from, or the incorporation of the LREE by the other co-precipitating
phases (e.g. apatite, remnant zoisite/allanite; Fig. 2b).
5.2. Rare earth element substitution in apatite
Apatite is the important REE and Y carrier in this metamorphic
sample suite (Figs. 4a–c, 5a,b) and is present in every studied rock-type.
In metamorphic systems the composition of apatite is a function of
temperature, pressure and halogen (HCl, HF) activity in the fluid
(Harlov and Förster, 2000, 2002). Assuming no external REE transfer to
the metamorphic system, two coupled reactions are believed to govern
the REE and Y substitution (Harlov and Förster, 2000):
(1) (Y+REE)3++Na+↔ 2Ca2+
(2) (Y+REE)3++ SiO44−↔ Ca2++PO43−
The chondrite-normalized CeN/YbN ratio is a measure of the de-
pletion or enrichment of the LREE relative to the HREE. Most apatites
analysed in this study are enriched in the LREE over the HREE (i.e. they
have negative chondrite-normalized REE-slopes; Supplementary
Table 9; Figs. 4a–c, 5a,b). A negative Eu anomaly (Eu/Eu*) is observed
in all analysed apatite crystals and likely reflects reduction of Eu3+ to
Eu2+, which is more easily accommodated in the feldspar lattice; as a
result Eu is depleted in coexisting apatite. In magmatic and meta-
morphic systems the oxidation of Ce3+ to Ce4+ (Bau, 1991 and
Fig. 8. a) Plot of CeN/YbN versus total REE content in titanite from sample AMB-2.
b) Trace element (Mn, Ce, Th) versus age [Ma] plot for apatite from the AMB-2 sample.
c) Illustrative sketch of the paragenesis of apatite Ap1, Ap2 and Ap3 from sample AMB-2.
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references therein), gives rise to a slight positive Ce anomaly, which is
observed in most of the apatite crystals. The highest Ce anomaly (mean
value of 1.17, Supplementary Table 3) is observed in the apatite from
the gneiss sample from close to the contact with common Tatra granite.
In this sample, apatite is the predominant REE-bearing accessory mi-
neral and hence likely controls the REE budget. While the apatite REE
patterns in this gneiss sample have a similar topology to apatite REE
spectra from the Western Tatra granite (WTG; Figs. 4a–c), they are an
order of magnitude lower.
Apatite crystals in amphibolites from the southern envelope to the
Tatra granite differ from the relatively uniform compositions seen in the
northern envelope samples. In the amphibolite sample AMB-2, there are
three clear populations of apatite, recognized on the basis of different Y,
Mn, actinide and REE patterns (Section 4.3; Figs. 5b and 8b). Popula-
tion Ap1 is interpreted as a metamorphic apatite population with REE
patterns almost identical to apatite from the other amphibolite samples
and the biotite paragneiss sample from the northern metamorphic en-
velope (cf. Fig. 5b and Gawęda et al., 2014), and hence these grains are
interpreted to have formed under similar metamorphic conditions. Ap2,
with the lowest Y contents and highest CeN/YbN ratios (Fig. 6b; Sup-
plementary Table 3), possibly represents crystallization from a hydro-
thermal fluid. These Ap2 signatures are consistent with the geochemical
characteristics of hydrothermal apatite hosted in plutonic and volcanic
rocks from the literature (e.g. Bau and Dulski, 1995; Mao et al., 2016;
Migdisov et al., 2016), as well as from the Tatra granitoid intrusion
(Szopa, 2009). Contrary to Ap2 apatite, population Ap3 is chemically
much more similar to Ap1 apatite, though differs in several key ways.
These Ap3 grains have lower LREE, Th and Mn contents, and higher Sr-
contents than Ap1 apatite, resulting in high Sm/La ratios (1.54–7.08;
Supplementary Table 3; Fig. 5b). As these grains have younger U-Pb
ages than Ap1 apatites (Figs. 8a–c), this may indicate that these are
grains of Ap1 that recrystallized during later events, becoming depleted
in mobile elements such as the LREE in the process (Fig. 8c).
Sample AMB-1, also from the southern envelope, has higher MREE
and HREE contents than apatite from any of the other analysed samples,
with values similar to Western Tatra Granite (WTG) apatite; this also
reflects the whole-rock HREE contents for this sample, which are higher
than all other samples (Supplementary Table 3; Fig. 5a). However,
unlike WTG apatite, the slope of the AMB-1 apatite REE profile is
strongly positive. This may imply apatite growth cogenetic with LREE-
hosting phases such as epidote/clinozoisite or monazite.
5.3. Regional implications
Zircon has a closure temperature of at least 900 °C (Lee et al., 1997)
for the U-Pb isotopic system, and as such, it can be used to date high-
grade metamorphic events. Hoskin and Black (2000) distinguished four
types of metamorphic processes which generate metamorphic zircon: 1)
precipitation from an anatectic melt formed during partial melting of
the host rocks; 2) sub-solidus blastogenesis by Zr and Si diffusion re-
leased during breakdown of silicates; 3) precipitation from an aqueous
metamorphic fluid; 4) recrystallization of protolith zircon. Inherited
zircon cores within the SM sample are metamict (Fig. 9) and could not
be dated, while two phases of rim growth were dated. The oscillatory
zonation in the inner portions of the rims dated at 385 ± 8Ma
(Fig. 10a) suggests crystallization from melt, and is similar in age to
zircon rims from orthogneisses from the same area and dated at
387 ± 14Ma (Burda and Klötzli, 2011) and 387 ± 8Ma found in the
internal rims of the zircon crystals from OR sample (Gawęda et al.,
2016b). This episode of anatexis at c. 387Ma is likely related to the
metamorphic climax at c. 380 to 370Ma, in the Sowie Mountains in
Southern Poland (Timmermann et al., 2000), Śnieżnik Massif in Sudety
Mountains (Anczkiewicz et al., 2007) and the Mariánské Lázně Com-
plex in the Czech Republic (Timmerman et al., 2004), and is interpreted
as a phase of partial melting during early Variscan orogenesis (Kryza
and Fanning, 2007).
The outer portion of the SM zircon rims show similar oscillatory
zonation (Fig. 9), which again implies crystallization from melt. These
rims, recording partial melting, are dated by the U-Pb zircon method at
346 ± 6Ma (Fig. 10b; Table 3), and are likely linked to partial melting
and migmatization of the metamorphic rocks, including the amphibo-
lites. These ages overlap with an age of 342 ± 9Ma from zircon
(outer)-rims in the OR amphibolite (Gawęda et al., 2016b) and of c.
345Ma associated with a regional pulse of granitoid magmatism, which
is attributed to slab break-off and the input of mantle-derived magma
which caused intensive re-heating of the host-rocks, including the more
refractory amphibolites (Gawęda et al., 2016a). Partial melting at c.
345Ma was probably very intensive and associated with fluid
Fig. 9. Cathodoluminescence (CL) images of zircon crystals from the SM sample (Smreczyński Wierch, Western Tatra Mountains).
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mobilization (Gawęda, 1995; Gawęda et al., 2016a).
The U-Pb titanite age from the amphibolite sample AMB-2 at
345.3 ± 4.5Ma (Fig. 6d, Table 2) is identical (within age uncertainty)
to the U-Pb zircon age obtained on the outermost zircon rims.
Similar ages were obtained from U-Pb dating of apatite from all
samples from the northern part of the metamorphic envelope (Table 1,
Fig. 6a–c). These data are in agreement with Rb-Sr whole-rock dates of
c. 345Ma (Gawęda, 1995) and K-Ar muscovite dates of c. 343Ma
(Deditius, 2004) for pegmatites from the Western Tatra Mountains. The
closure temperature for U-Pb apatite system is significantly lower
(500–375 °C) than the U-Pb zircon and titanite systems, and the ages
broadly overlap with the K-Ar muscovite and whole rock Rb-Sr dates.
The simplest explanation is that immediately following the final stages
of anatexis recorded by the outermost zircon rims at 346 ± 6Ma, rapid
cooling linked to rapid uplift of the whole metamorphic complex was
initiated at c. 345Ma as recorded by the U-Pb titanite and apatite data
and previously published K-Ar muscovite dates. These data are in
agreement with the model of Franke (2014) for the Variscan orogeny in
Europe, which assumed melting of the crust in a HT/LP regime at c.
340Ma as a result of rapid uplift. Similar models have been proposed
for the Caledonian orogen in Scotland (Baxter et al., 2002), for the
Sikkim Himalaya Belt (Anczkiewicz et al., 2014) and for the Greater
Himalaya Belt (Grujic et al., 2011). Our data suggest that rapid ex-
humation was followed by rapid cooling. We propose that the exten-
sional shearing episode provided conduits for melt/fluid flow, which in
turn facilitated further extension by softening the crust and enabling
rapid heat loss. This could be a general feature in many orogenic belts
(see the discussion in Teyssier, 2011).
Both the published U-Pb zircon dating and thermal modelling
(Gawęda et al., 2016a) and our U-Pb zircon data do not preclude “hot”
conditions (> 700 °C) predominating in the upper continental crust for
the time period 385 to 340Ma. However, the youngest (c. 340Ma)
magmatic episode is only expressed in the eastern part of the Tatra
massif (High Tatra Mountains), while in the Western Tatra Mountains
the final thermal pulse occurred at c. 345Ma. As the presented zircon,
titanite and apatite ages from northern Tatra metamorphic envelope
rocks record an interval of c. 350–345Ma, we assume a c. 5Myr in-
terval for cooling from approximately 700 °C (from the geothermo-
metry estimates) to 350 °C (the lowermost closure temperature
threshold for the apatite U-Pb system). This implies a c. 70°/Myr
cooling rate during rapid uplift of the Tatra block, with an associated
change in pressure from 900 to 750MPa to 520–350MPa (Gawęda and
Włodyka, 2013) which corresponds to an exhumation rate of c. 2 mm/y.
The titanite closure temperature is estimated at 633 °C based on the
calculated cooling rate, a mean grain radius of 75 μm and the Pb dif-
fusion data of Cherniak (1993, 2010), which is in agreement with the
Scott and St-Onge (1995) estimate for Pb diffusion in titanite
(660–700 °C). The cooling rate obtained in this study is twice as high as
that suggested previously (e.g. Moussallam et al., 2012) and compar-
able with recent exhumation data from the Moldanubian Unit (Dörr and
Zulauf, 2010).
Data from accessory apatite and zircon in the northern part of the
metamorphic envelope, as well as titanite from sample AMB-2 in the
southern metamorphic envelope (Fig. 6a–d), agree well with the pro-
posed tectono-thermal history characterised by rapid post-Variscan (ca.
345–340Ma) cooling and uplift. Apatite from amphibolites from the
southern metamorphic envelope (the oldest age-population in sample
AMB-2) gives a relatively imprecise age of 340 ± 31Ma (Fig. 7a) and
is comprised of grains with similar trace element compositions to
apatite in the northern amphibolite samples (e.g. SM, RW, OR; Sup-
plementary Table 3). This implies that these metamorphic apatite
grains crystallized under similar metamorphic conditions and at the
same time as their northern counterparts (EL Korh et al., 2009; Sup-
plementary Table 3; Fig. 7b). However, a second U-Pb age plateau of c.
328Ma by dating only population Ap2 apatites (Ap2; Fig. 8b) is in-
terpreted as neocrystalline matrix apatite (Fig. 8c) that formed during aTa
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later thermal event. This is supported by late-Variscan hydrothermal
processes involving (P, F, Ca, REE)-rich fluid migration which have
recently been documented in the southern part of the metamorphic
envelope and dated at 328Ma (Gawęda et al., 2016c) and elsewhere in
the crystalline cores of the Central Western Carpathians (Burda and
Dzierżanowski, 2005; Ondrejka et al., 2012).
Lastly, the youngest age-population in sample AMB-2, is comprised
of grains with Ap2 and Ap3 trace element characteristics
(Supplementary Table 3; Fig. 5b), and yields a U-Pb age of 260 ± 8Ma
(Fig. 7c). The lack of coupling between this youngest age-population
and the trace element data in sample AMB-2 suggests that this poly-
metamorphic rock was affected by a final low-temperature event during
the Permian. This event must have been hot enough to partially reset
the apatite U-Pb system (c. 375 °C), but was not hot enough to induce
recrystallization of earlier-formed apatite or to reset the U-Pb system in
most grains (Fig. 8c).
The apatite age at c. 260Ma in sample AMB-2 suggests that these
grains are derived from a Permian tectonic event which has been
documented by chemical monazite dating in Gemericum (263–276Ma),
Veporicum (Nizke Tatry and Slovenske Rudohorie: 269 ± 22Ma and
263–269Ma) as well as in Tatricum (Tríbeč Massif - 273 ± 17Ma;
Finger et al., 2003; Western Tatra Mountains - 258 ± 15Ma; Burda
and Dzierżanowski, 2005). These events are related to granitoid mag-
matism, at least partly of fluorine-rich A-type affinity (Bonin, 2007),
which are associated with extensional tectonics and a high mantle heat
flux (Broska and Uher, 2001; Finger et al., 2003 and references therein).
These younger apatite U-Pb ages (at c. 328Ma and 260Ma) imply the
southern metamorphic envelope experienced a more complicated sub-
sequent thermal history, characterised by prolonged cooling and hy-
drothermal fluid influx.
Apatite crystals from sample AMB-1 yielded U-Pb ages from 302Ma
to 135Ma (Fig. 8d). The age-spread in apatite from sample AMB-1
suggests that the apatite in this sample either formed, or was fully age-
reset, during the late Variscan extensional episode; this apatite would
then have subsequently been partially-reset by thermal activity in the
early Cretaceous. In Veporicum and Gemericum (Fig. 1b) the Cim-
merian orogeny (associated with the closure of the Meliata Ocean and
obduction of the accretionary prism) resulted in nappe stacking dated at
~135–95Ma, which caused a burial of the crystalline basement of the
Veporic Unit to depths of ~15–40 km with an associated greenschist- to
amphibolite-facies metamorphic overprint (Vojtko et al., 2016). The
youngest apatite U-Pb ages found in the AMB-1 sample could most
simply be explained by variable age-resetting associated with thermal
activity related to this Cimmerian event.
The post-Variscan histories of the southern and northern parts of the
metamorphic envelope are very different. The northern portion exhibits
no significant thermal activity since the Variscan, and the southern
portion experiencing a more complicated subsequent history with
Permian to Cretaceous overprinting of the Variscan exhumation and
cooling history. In light of this, we speculate that before rotation in the
Neogene (Csontos and Vörös, 2004) the southern metamorphic en-
velope to the Tatra Mountains shared a common geological develop-
ment with Veporicum and/or Gemericum, in contrast to the northern
metamorphic envelope, which was shaped only by Variscan orogenic
events.
6. Conclusions
Cooling and uplift of the Western Tatra crystalline basement took
place in the final stages of the Variscan orogeny. Apatite from the
northern metamorphic envelope preserves U-Pb cooling ages of ca.
345Ma, consistent with U-Pb titanite and zircon ages from the same
rocks. The large differences in the U-Pb temperature sensitivity of the
analysed phases implies therefore very rapid cooling. The climax of
peak metamorphism followed by immediate onset of simultaneous late
Variscan exhumation of the whole Western Tatra Mountains block took
place at c. 345Ma as supported by zircon, titanite and apatite U-Pb
ages, and is recorded mainly in the northern part of the metamorphic
cover.
In contrast, apatite crystals from the southern metamorphic en-
velope experienced also late Variscan (P, F, Ca, REE)-rich hydrothermal
fluid circulation and Permian to Cretaceous overprinting of the
Variscan exhumation and cooling history. Late c. 260Ma resetting in
the southern metamorphic envelope was possibly related to the em-
placement of Permian A-type granites. Mesozoic apatite U-Pb ages
found in one amphibolite sample from the southern metamorphic en-
velope can be explained by variable age-resetting associated with
thermal activity related to a Mesozoic (Cimmerian) event.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.chemgeo.2018.03.012.
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